Abstract Sigma receptor 1 (σR1), a non-opiate transmembrane protein located on endoplasmic reticulum (ER) and mitochondrial membranes, is considered to be a molecular chaperone. Marked protection against cell death has been observed when ligands for σR1 have been used in in vitro and in vivo models of retinal cell death. Mice lacking σR1 (σR1 -/-) manifest late-onset loss of retinal ganglion cells and retinal electrophysiological changes (after many months). The role of σR1 in the retina and the mechanisms by which its ligands afford neuroprotection are unclear. We therefore used σR1 -/-mice to investigate the expression of ER stress genes (BiP /GRP78, Atf6, Atf4, Ire1α ) and proteins involved in apoptosis (BCL2, BAX) and to examine the retinal transcriptome at young ages. Whereas no significant changes occurred in the expression of major ER stress genes (over a period of a year) in neural retina, marked changes were observed in these genes, especially Atf6, in isolated retinal Müller glial cells. BCL2 levels decreased in σR1 -/-retina concomitantly with decreases in NFkB and pERK1/2. We postulate that σR1 regulates ER stress in retinal Müller cells and that the role of σR1 in retinal neuroprotection probably involves BCL2 and some of the proteins that modify its expression (such as ERK, NFκB). Data from the analysis of the retinal transcriptome of σR1 null mice provide new insights into the role of σR1 in retinal neuroprotection.
Introduction
Sigma receptor 1 (σR1) is a non-opioid transmembrane protein located at the endoplasmic reticulum (ER), mitochondrial and plasma membranes (Hayashi and Su 2007) . It shares no homology with any other mammalian proteins (Hanner et al. 1996) but is expressed ubiquitously in numerous tissues including the central nervous system (Su et al. 1988 ). In the retina, σR1 is expressed abundantly, including in the ganglion cell and inner nuclear layers and in photoreceptor and retinal pigment epithelial (RPE) cells; it has been detected in the optic nerve and optic nerve head (Ola et al. 2001; Liu et al. 2010) .
Several in vivo and in vitro studies have shown that the over-expression of σR1 or activation of σR1 by high-affinity ligands protects against neuronal cell death (Martin et al. 2004; Dun et al. 2007; Bucolo et al. 2006; Techedre et al. 2008; Techedre and Yorio 2008; Zhang et al. 2011; Smith et al. 2008) . We have previously studied the neuroprotective effects of σR1 in the Ins2
Akita/+ mouse model, which has been used as a model for diabetic retinopathy. This mouse develops hyperglycemia, marked disruption of the inner nuclear layer and loss of ganglion cells (Barber et al. 2005) . Treatment of
Ins2
Akita/+ mice for a 22-week period with (+)-pentazocine [(+ )-PTZ], a high affinity σR1 ligand, affords marked preservation of retinal structure (Smith et al. 2008) . The mechanism underlying neuroprotection by σR1 ligands is not clear. Techedre and co-workers reported that in vitro σR1 ligands regulate intracellular Ca 2+ levels concomitantly with the attenuated activation of pro-apoptotic genes (Techedre et al. 2008) . Others have reported that σR1 forms a complex at the mitochondrial associated membrane (MAM) with BiP/ GRP78, a key regulator of ER stress. Upon ER Ca 2+ depletion or via ligand stimulation, σR1s dissociate from BiP/GRP78, leading to prolonged Ca 2+ signaling into mitochondria via inositol triphosphate receptors (IP3Rs). Increasing σR1 in vitro counteracts the ER stress response, whereas decreasing σR1 enhances apoptosis (Hayashi and Su 2007) . These studies suggest that σR1 has a role as a modulator of ER stress. Previously, we performed in vitro studies exposing a retinal neuronal cell line to oxidative stress and observed increased expression of a broad array of ER stress genes, a finding that is attenuated when the cells are pre-treated with (+ )-PTZ (Ha et al. 2011a) . We also observed an increase in the expression of several ER stress-related genes in the retinas of Ins2 Akita/+ mice but this expression is decreased in (+)-PTZtreated mice. Recent work from the Wormstone laboratory has shown that lens cells exposed to hydrogen peroxide in order to induce oxidative stress upregulate ER stress genes, the expression of which is attenuated upon treatment with (+)-PTZ (Wang et al. 2012) .
In addition to ER stress, neuroprotection mediated by σR1 activation might involve BCL2-mediated pathways (Meunier and Hayashi 2010) , as ligands for σR1 increase BCL2 levels under various cellular stress conditions (Yang et al. 2007; Zhang et al. 2012) . Bcl2 is a key anti-apoptotic gene that is overexpressed in B-cell lymphoma and promotes the expression of neuroprotective factors such as αB crystallin (Yang et al. 1997; Zhan et al. 1999; Hockenbery et al. 1993) . Studies in mice that overexpress Bcl2 in neurons have demonstrated an increased number of retinal ganglion cell somas . Previous studies suggest that σR1 regulates BCL2 via its action on nuclear factor κ-light-chain enhancer (NFκB; Yang et al. 1997) . BCL2 also regulates IP3Rs, which in turn regulate Ca 2+ -induced Ca 2+ release (Monaco et al. 2012; Gerasimenko et al. 2010; Rong et al. 2008) . These intriguing findings have set the stage for the current study, which utilizes the σR1 -/-mouse as an in vivo tool to elucidate the role of σR1 with respect to ER stress genes (BiP/GRP78 and its downstream effector proteins), to BCL2 and to proteins that modulate its roles in survival (including NFκB, ERK, and αB crystallin). σR1 -/-mice do not exhibit a profound retinal phenotype in the early stages of development; their retinas are similar to those of the wildtype, both structurally and functionally, for many months. By ∼36 weeks of age, however, apoptotic cell death is evident in the σR1 -/-optic nerve head and by ∼1 year, loss of ganglion cells has occurred and electrophysiological function is diminished (Ha et al. 2011b ). More rapid cellular and functional losses are observed when the σR1 -/-mice are diabetic (Ha et al. 2012) or when they are subjected to optic nerve crush (Mavlyutov et al. 2011) .
Our findings in the current study of σR1 -/-mice indicate no alterations of the major ER stress effector genes or of their proteins in the absence of σR1 in the whole retina, although significant alterations of ER stress genes occur in isolated σR1 -/-retinal Müller glial cells, plus significant changes in BCL2 and some of its related proteins in the retinas of mice lacking σR1.
Materials and methods

Animals
Mice, i.e., wildtype (σR1
) and σR1 knockout (σR1 -/-), ranging in age from 4 days to 96 weeks were used (Table 1) . σ R 1 -/ -mice were generated by gene trapping (Oprs1
) conducted at Lexicon Genetics as described (Sabino et al. 2009 ). Heterozygote Oprs1 mutant (
Gt(IRESBetageo)33Lex embryos on a C57BL/6 J×129S/SvEv mixed background were obtained from the Mutant Mouse Resource Regional Center and were implanted into female C57BL/6 J mice (Jackson Laboratories, Bar Harbor, Me., USA) at The Scripps Research Institute (LaJolla, Calif., USA). Founder heterozygous mice were transferred to the animal facility at Georgia Regents University and a colony of wildtype (σR1 +/+ ), heterozygous (σR1 +/-) and homozygous (σR1 -/-) mice were established. The genotyping of mice was performed as described (Ha 2011b) . Maintenance of animals adhered to institutional guidelines for the humane treatment of animals and to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Müller glial cells were isolated from 5-day-old mice and cultured by our method (Jiang et al. 2006) . Briefly, eyeballs were removed, placed in Dulbecco's modified Eagle medium (DMEM) with gentamicin and soaked for 3 h at 25°C in the dark. They were then rinsed in phosphate-buffered saline and incubated in buffer containing trypsin, EDTA and collagenase. Retinas were removed from eyeballs (taking care to avoid contamination by pigmented RPE), placed in DMEM supplemented with glucose, fetal bovine serum and penicillin/streptomycin and gently pipetted into small aggregates at a density of 10 to 16 retinas per dish. Isolated cells were detected within 1-3 days. By 3-5 days, substantial cell growth had ensued. Cultures were washed vigorously with medium until only a strongly adherent, flat, cell population remained. Cells were passaged 1-3 days after being washed and were seeded into culture flasks (50,000 cells/cm 2 ); culture media was changed three times per week. The purity of cultures was verified by using antibodies that are known markers of Müller cells (CRALBP, vimentin, glutamine synthetase, GLAST; Jiang et al. 2006) . Immunocytochemical studies with markers for neurons (neurofilament-L, a major component of neuronal cytoskeleton) and RPE (RPE-65) showed minimal detection.
Analysis of genes in the ER stress pathways by real-time quantitative reverse transcription plus the polymerase chain reaction Expression levels of mRNA transcripts specific for several key genes (BiP/GRP78, Perk, Atf6 , Ire1α, Atf4 , Chop) involved in ER stress pathways were examined in mouse retina and brain by our method (Ha et al. 2011a) . Total RNA was isolated by using TRIzol Reagent (Invitrogen, Carlsbad, Calif., USA) and quantified. RNA (2 μg) was reversetranscribed by using the iScript Synthesis kit (BioRad Laboratories, Hercules, Calif., USA). cDNAs were amplified for 45 cycles by using Absolute SYBR Green Fluorescein (ABgene, Surrey, UK) and gene-specific primers (Table 2) in an iCycler (Bio-Rad). Expression levels were calculated by comparison of C t values (delta-delta C t ; Ha et al. 2011a ).
Western blot
Retinal proteins were isolated from mice and subjected to SDS-polyacrylamide gel electrophoresis (Ha et al. 2011a, b) . Immunoblotting was performed to assess the levels of the following proteins: BiP/GRP78, IP3R3 (BD Bioscience, San Jose, Calif., USA), ATF6, BCL2, NF-κB (p50), BAX (Santa Cruz, Santa Cruz, Calif., USA), PERK, IRE1α, total ERK, and p-ERK (Cell Signaling, Danvers, Mass., USA), αB crystallin (Enzo Life Sciences, Farmingdale, N.Y., USA). Nitrocellulose membranes to which the proteins had been transferred were incubated with primary antibodies at a concentration of 1:500. They were then incubated with horseradish-peroxidase-conjugated goat anti-rabbit (Santa Cruz; 1:3000) or goat anti-mouse IgG antibody (Sigma-Aldrich, 1:3000). Proteins were visualized by using the SuperSignal West Pico Chemiluminescent Substrate detection system (Pierce Biotechnology, Rockford, Ill., USA).
Analysis of retinal transcriptome in σR1
-/-mice compared with wildtype mice RNA was isolated from neural retinas of 5-to 6-week-old wildtype and σR1 -/-mice. Three individual RNA preparations were taken from each group to allow three independent samples to be analyzed per group. Total RNA was isolated by using TRIzol and sense-strand cDNA was generated by using the Affymetrix GeneChip WT terminal labeling kit (Applied Biosystems, Foster City, Calif., USA) following the manufacturer's guidelines. This kit is optimized for use with mouse Affymetrix GeneChip Sense Target (ST) gene arrays from the same vendor and these arrays were used in the present study. The mouse gene ST array interrogates 28,853 genes with 770,317 distinct probes. Following hybridization, washing and staining, the array chips were imaged by using the Affymetrix GeneChip Scanner 3000 7G Plus. Images were imported into the Partek Genomics Suite (Partek, St. Louis, Mo., USA) to analyze probe intensity and to determine the differential gene expression between groups. The data obtained provided a P-value and fold change of gene expression determined from the three arrays for wildtype mice compared with three arrays for σR1 -/-mice. Genes for which fold changes were greater than 1.4 and for which the P-value was <0.05 were researched through NLM databases to determine possible relevance to retinal function.
Statistical analysis
The data were analyzed by one-or two-way analysis of variance as appropriate (post-hoc test: Tukey). Statistical analysis was conducted by using the GraphPad Prism analytical program (LaJolla, Calif., USA). A P -value<0.05 was considered significant.
Results
Analysis of regulators of ER stress gene/protein expression in the retina and brain of σR1 -/-mice
Previously published studies have provided in vitro evidence that σR1 forms a complex at the MAM with another chaperone, BiP/GRP78 (Hayashi and Su 2007) . In these studies, σR1 dissociated from BiP/GRP78 when cells were subjected to thapsigargin but showed increased binding to BiP/GRP78 when cells were glucose-deprived. Studies of retinal neuronal cells in our laboratory showed increased σR1 binding to BiP/ GRP78 under oxidative stress (Ha et al. 2011a) . When ER calcium levels were depleted, or when σR1 was stimulated by a ligand in vitro, σR1 dissociated from BiP/GRP78, leading to prolonged calcium signaling into mitochondria via IP3R. We explored the in vivo role of σR1 in modulating the expression of major ER stress genes, i.e., either BiP/GRP78 or its downstream effector genes (Perk, Atf6, Ire1α), by analyzing their expression in the neural retina and brain of mice that lacked σR1. We anticipated that retinas of σR1 -/-mice would manifest altered expression of these ER stress-regulating genes and/or the proteins that they encode. Temporal analysis of the expression of these genes by real-time quantitative reverse transcription plus the polymerase chain reaction (qRT-PCR) with retinas harvested from σR1 +/+ and σR1 -/-mice over a 1-year period (4 days to 52 weeks), however, revealed no significant differences between groups in mRNA expression levels of BiP/GRP78 (Fig. 1a) , Perk (Fig. 1b) , Atf6 (Fig. 1c) , or Ire1α (Fig. 1d) at any age examined. Similar findings were obtained in brain for BiP/GRP78 (Fig. 1e) , Perk (Fig. 1f) , Atf6 (Fig. 1g ), or Ire1α (Fig. 1h) . We analyzed the proteins encoded by these ER stress genes in 1-year-old σR1 -/-mice because of our recent observations that, by this age, phenotypical alterations in the retina were accompanied by functional changes (Ha et al. 2011b) . No statistically significant differences were noted in BiP (Fig. 1i, m) , PERK (Fig. 1j, n) , ATF6 (Fig. 1k, o) or IRE1α (Fig. 1l, p) protein levels in neural retinas of σR1 -/-compared with wildtype mice at 1 year or 2 years of age. We also examined the expression of Atf4 and Chop , two ER stress-related genes whose expression increased in Ins2
Akita/+ diabetic mice but returned to wildtype levels following (+)-PTZ treatment (Ha et al. 2011a) . No change occurred in the expression of these genes in retinas of σR1 -/-versus σR1 +/+ mice (data not shown).
One interpretation of these data is that σR1 does not directly regulate the expression of BiP/GRP78 or its three Proteins from neural retinas of 1-year-old mice were isolated and subjected to immunoblotting to detect major proteins implicated in the ER stress response: (i) BiP, (j) Perk, (k) Atf6, (l) Ire1α. Proteins were also isolated from neural retinas of 2-year-old mice and subjected to immunoblotting to detect major proteins: (m) BiP, (n) Perk, (o) Atf6, (p) Ire1α. Band densities were normalized to β-actin and densitometric analysis of the bands are provided below each set of blots major downstream effector proteins. Another is that the analysis of the expression of the ER stress genes by using the entire neural retina (which is composed of neurons, glial supportive cells and blood vessels) might be masking ER stress gene changes within specific retinal cell types. For this reason, we isolated Müller cells, the major retinal glial cell type, from the retinas of σR1 +/+ and σR1 -/-mice. We evaluated ER stress gene expression and observed differences including a 0.6-fold increase in BiP/GRP78 expression and 0.2-, 0.4-and 0.8-fold decreases, respectively, in the expression of Perk, Ire1α and Atf4 in the Müller cells of σR1 +/+ versus σR1 -/-mice (Fig. 2a) . The expression of Chop also increased. Interestingly, a dramatic increase (130-fold) occurred in the expression of Atf6 in Müller cells harvested from the σR1 +/+ compared with the σR1 -/-mice (Fig. 2b) .
Analysis of IP3R3, Bcl2 and BAX in retinas of σR1 -/-mice Evaluation of neural retinas showed a marked decrease in retinal IP3R3 expression in σR1 -/-mice compared with agematched wildtype mice at all ages examined (Fig. 3a) , although protein levels were not different in 1-year-old mice (Fig. 3b) . A significant decrease also occurred in the expression of this gene in Müller cells harvested from σR1
-/-mice (data not shown). IP3R3 encodes inositol 1,4,5-triphosphate receptor type 3 (IP3R), which governs the release of Ca 2+ stored within the ER lumen (Wojcikiewicz et al. 2009 ). σR1 has been shown to stabilize IP3Rs at the mitochondriaassociated ER membrane (Hayashi and Su 2007) and thus, these data support a role for σR1 in regulating IP3R gene expression. IP3Rs interact with BCL2 (Monaco et al. 2012; Rong et al. 2008 ) prompting investigations of this antiapoptotic protein.
Previous in vitro studies with short interfering RNA (siRNA) technology to knockdown σR1 levels in Chinese hamster ovary (CHO) cells showed a decrease in BCL2 protein levels (Meunier and Hayashi 2010) . Here, we used qRT-PCR in retinas of σR1
-/-mice to analyze Bcl2 expression over an age range of 4 days to 1 year. Bcl2 expression decreased significantly in σR1 -/-versus σR1 +/+ mice (Fig. 4a) . As early as 4 days, Bcl2 expression in σR1 -/-mice was less than that of age-matched wildtype mice; by 6 weeks, this difference had reached statistical significance. BCL2 protein levels were analyzed in σR1 -/-mouse retinas at 4 days, 6 weeks, 24 weeks and 52 weeks (Fig. 4b-e) , with a significant decrease being noted at 24 and 52 weeks (Fig. 4d-e) . Indeed, by 1 year, the BCL2 levels were only half that observed in age-matched wildtype animals. We examined BCL2 in retinas of σR1 -/-mice at 2 years and found that the levels were similar to those of σR1 -/-mice at 1 year (Fig. 5a ). In addition to examining and σR1 -/-mice. Müller cells were isolated from twelve 5-day-old to 7-day-old σR1 +/+ (TW) and σR1 -/-(KO) mice. mRNA was prepared and qRT-PCR was performed to analyze the expression of (a) BiP, Perk, Ire1α, Atf4 and Chop and (b) Atf6 normalized to D-glyceraldehyde-3-phosphate dehydrogenase. Each experiment was performed in triplicate; *P <0.05, ***P <0.001 Fig. 3 Analysis of IP3R3 in retinas of σR1 +/+ and σR1 -/-mice. a mRNA was isolated from the neural retina of σR1 +/+ (WT) and σR1 -/-(KO) mice at 4 days, 6, 24, 32 and 52 weeks; qRT-PCR was performed to analyze the expression of IP3R3 normalized to 18S. b Proteins of neural retinas from 1-year-old mice were isolated and subjected to immunoblotting to detect IP3R3. Band densities were normalized to β-actin and densitometric analysis of the bands are provided below the blots. n =3 mice per group; *P <0.05 BCL2 levels, we also investigated the levels of BAX. BAX is a BCL2-interacting protein that is pro-apoptotic (Raisova et al. 2001) . Some reports suggest that the balance of BAX/BCL2 is important for cell survival (Raisova et al. 2001) , whereas others caution that additional newly discovered proteins in the BCL2 family affect this balance (Nickells 2010) . Our investigations of BAX showed no alterations in protein levels in retinas of σR1 -/-compared with σR1 +/+ mice (Fig. 5b) . This was consistent with the in vitro studies involving siRNA directed against σR1 ; BAX expression was not altered, despite the effects on BCL2 expression (Meunier and Hayashi 2010 ).
Analysis of NFκB, ERK and αB crystallin
Bcl2 expression is under the control of transcription factors including the NFκB family of proteins, specifically the p50 form (Kurland et al. 2001 (Kurland et al. , 2003 Tamatani et al. 1999; Galante et al. 2009 ). In in vitro studies, in which σR1 was knocked down by using siRNA methods in CHO cells, protein levels of p50 increased substantially (Meunier and Hayashi 2010) . Fig. 4 Temporal expression of Bcl2 mRNA and protein (4 days to 1 year). qRT-PCR was performed to analyze the expression of (a) bcl2 normalized to 18S. Protein was isolated from neural retinas of σR1 +/+ (WT) and σR1 -/-(KO) mice at (b) 4 days, (c) 6 weeks, (d) 24 weeks and (e) 52 weeks. Band densities were normalized to β-actin. Densitometric analysis of the bands normalized by β-actin are provided left of each set of blots. n =3 mice per group; *P <0.05, **P <0.01 Fig. 5 Western blot analysis of Bcl-2 and BAX (2 years). Neural retinas were harvested from σR1 +/+ (WT) and σR1 -/-(KO) mice at 96 weeks. Proteins were isolated and subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) followed by immunoblotting to detect (a) BCL2 and (b) BAX. Band densities were normalized to β-actin. Densitometric analysis of the bands normalized by β-actin are provided below each set of blots. n =4-5 mice per group; ***P <0.001
However, in the current study when we evaluated the protein level of NFκB (p50) in retinas of σR1 -/-mice compared with σR1 +/+ mice, we did not observe a marked increase of p50; instead levels of p50 decreased slightly (Fig. 6a) . Thus, endogenous absence of σR1 does not appear to increase p50 as occurs when σR1 levels are altered experimentally under cell culture conditions. In addition to NFκB signaling, BCL2 expression can be increased by activated ERK signaling (Galanate et al. 2009 ). Consistent with decreased BCL2 protein levels, we observed decreased levels of phosphorylated ERK-1 and a slight decrease in the level of phosphorylated ERK-2 in retinas of σR1 -/-mice (Fig. 6b, c) . Thus, in summary, the absence of σR1 in retina is associated with a decrease in the anti-apoptotic protein BCL2 and its regulators NFκB and ERK.
Several years ago, Feng and co-workers showed that BCL2 regulates αB crystallin levels via ERK signaling (Feng et al. 2004) . αB crystallin is a molecular chaperone belonging to the small heat shock protein superfamily. It is present in the retinal ganglion cell layer, the inner plexiform layer, in photoreceptor cells and in the pigment epithelium. Just as σR1 normally resides at the ER-mitochondrial interface, so does αB crystallin. In vitro, when cells are stimulated by ligands or undergo prolonged stress, σR1 translocates from the MAM to the ER network and plasmalemma/plasma membrane and is thought to regulate a variety of proteins including ion channels, receptors and kinases. Crystallins also translocate to the nucleus under stress. αB crystallins have a role in neuroprotection (Mercatelli et al. 2010) including in the retina Munemasa et al. 2009 ). When the retina sustains an insult, for example, in the form of light-induced toxicity or trauma, αB crystallin expression increases. αB crystallins can inhibit stress-induced apoptosis by interacting with members of the BCL2 family (including sequestering proapoptotic molecules; Mao et al. 2004) . We examined the levels of αB crystallin in retinas of σR1 -/-mice compared with σR1 +/+ mice Fig. 6 Western blot analysis of NFκB (p50), ERK and αB crystallin proteins. Neural retinas were harvested from σR1 +/+ (WT) and σR1 -/-(KO) mice. Proteins were isolated and subjected to SDS-PAGE followed by immunoblotting to detect (a) NFκB (p50), (b) phosphorylated ERK1 and ERK2, (c) total ERK1 and ERK2 and (d) αB crystallin. Band densities were normalized to β-actin. Densitometric analysis of the bands normalized by β-actin are provided left of each set of blots. n =4-5 mice per group; *P <0.05, **P <0.01 and observed a trend toward increased levels of αB crystallin in the σR1 -/-retinas (Fig. 6d) , although the data did not reach statistical significance.
Examination of the retinal transcriptome of σR1
-/-mice
We examined the retinal transcriptome of young σR1 -/-mice compared with wildtype mice to provide additional clues as to the expression of those genes that might be altered early and therefore account for the preservation of retinal structure in young σR1
-/-mice. Of more than 20,000 genes examined by microarray, 76 genes whose function might be related to retinal structure/function were altered by a value of greater than 1.4-fold (Table 3) . Several genes related to eye development were also increased slightly (Cryba1 , Rgr, Elovl2 ). Notably, genes related to anti-oxidant functions (Gpx3 , Gstm6 and Gstm3) were altered in retinas of σR1 -/-mice, as were genes related to the regulation of vascular endothelial growth factor (VEGF: Ctsg and Nrarp ). Interestingly, Slc7a11 , the gene encoding the cystine-glutamate transporter (System Xc-) was downregulated. Whether alterations of these genes translate to protein changes, which preserves retinal structure in σR1 -/-mice, remains to be determined.
Discussion
Numerous studies have demonstrated the profound neuroprotective effects of ligands for σR1 (Martin et al. 2004; Dun et al. 2007; Bucolo et al. 2006; Smith et al. 2008; Ha et al. 2011a ); however, the mechanism(s) underlying this protection have proven elusive. Some investigators have speculated that σR1 has a role in modulating the ER stress pathway, especially because of its location at the ER-MAM. The main conclusions have been that decreased levels of σR1 lead to an upregulation of ER stress genes (Hayashi and Su 2007) and decreased levels of the anti-apoptotic protein BCL2 concomitant with increased NFκB levels (Meunier and Hayashi 2010) . Indeed, such conclusions have been drawn from elegant studies involving in vitro systems (immortalized cell lines) and molecular tools to knockdown σR1 expression (Meunier and Hayashi 2010 ). The present study has used a different approach to address the role of σR1. First, our studies have focused on a tissue that has demonstrated profound response to σR1 ligands, namely the retina. Second, rather than using cell lines and gene knockdown methods, we exploited the σR1 -/-mouse as the experimental model system. Our laboratory has a keen interest in the mechanism of σR1 in retinal neuroprotection because of the profound neuroprotection observed in vivo (Smith et al. 2008 ) and in vitro (Martin et al. 2004; Dun et al. 2007) . Clearly, σR1 is not required for survival, since σR1 -/-mice have a normal lifespan. Equally evident is that σR1, while not essential for retinal development, probably plays a role in maintaining the retina, especially under conditions of stress, as has been reported by our laboratory (Ha et al. 2011b (Ha et al. , 2012 and others (Bucolo et al. 2006; Zhang et al. 2011; . The availability of the σR1 -/-mouse has allowed a comprehensive evaluation of genes and proteins whose expression might be altered in the retina and that might provide clues as to their neuroprotective roles.
We first evaluated genes involved in the ER stress pathway focusing on those that play a major role including BiP/GRP78 and its downstream effectors. ER stress has been implicated in retinal degeneration (Kroeger et al. 2012) . Previous work has shown that BiP/GRP78 levels increase under certain stress conditions when σR1 expression is reduced. These studies were performed in vitro and insults were generally acute (e.g., within 24 h; Hayashi and Su 2007; Ha et al. 2011a ). Indeed, when we induced oxidative stress in a retinal neuronal cell line, we observed a robust increase in all of the major ER stress genes but this was reduced when the σR1 ligand (+)-PTZ was used in pre-treatment experiments (Dun et al. 2007 ). The current in vivo studies of neural retinas from mice over a 2-year age range, however, have shown no change in BiP/ GRP78 in σR1 -/-null mice compared with wildtype mice. Moreover, the expression of the downstream effector genes (Perk, Atf6, Ire1α) is not altered compared with retinas of age-matched wildtype mice. No differences occur in protein levels either. We also examined the brains of these mice, since σR1 is detected at high levels in brain. Again, an absence of σR1 was not associated with an alteration of ER stress genes/ proteins. These findings were unexpected and prompted analysis within a subset of retinal cells, namely the Müller glial cells. The retina is a network of connections between various neuronal cell types supported by the radially oriented Müller glial cells that serve numerous maintenance roles. We reasoned that, in their supportive role, Müller cells might alter the gene expression of stress modulators more readily than some of the other retinal cell types. Previously, we had demonstrated that σR1 is localized on the ER membrane in Müller cells (Jiang et al. 2006 ) and so we isolated these cells from wildtype and σR1 -/-mice and analyzed the major ER stress genes. Significant differences were found in ER stress gene expression in the Müller cells. BiP/GRP78 levels were elevated, whereas Perk and Ire1α expression was decreased. The most profound change in ER stress gene expression was observed in Atf6. Levels of this gene were increased over 100-fold in the Müller cells isolated from σR1 -/-mice. ATF6 is tethered to the ER membrane by BiP/GRP78. When unfolded proteins accumulate, it is released and translocates to the Golgi apparatus by vesicular transport (Yoshida 2007; Kaufman 2004) . Unlike Perk and Ire1α , whose expression is not altered significantly in the Müller cells of σR1 -/-mice, ATF6 does not undergo oligomerization; instead, it is cleaved by oxidative stress and expression is attenuated upon treatment with (+)-PTZ (Wang et al. 2012) . In addition to studying whether the expression of ER stress genes is altered when σR1 is absent, we also investigated levels of BCL2. In earlier σR1
-/-knockdown experiments on CHO cells, BCL2 levels were shown to decrease (Meunier and Hayashi 2010) . These are important findings, because of the major role that BCL2 plays as an anti-apoptotic protein.
When we examined Bcl2 in the retinas of σR1 -/-mice, expression was similar between null and wildtype mice initially. However, by 6 weeks of age, a significant decrease was noted in expression. A decrease in BCL2 protein levels was observed in retinas of σR1 -/-mice by 24 weeks (∼6 months) of age. The BCL2 levels remained significantly lower than wildtype up to 2 years of age. These studies of the in vivo model strongly support the studies of σR1 knockdown in cell lines showing that σR1 mediates its neuroprotective effects by modulating BCL2 (Meunier and Hayashi 2010) . Thus, σR1 appears to modulate Bcl2 expression, although it does not appear to modulate Bax expression.
We next investigated genes that regulate Bcl2 expression in σR1 -/-mouse retina. Many transcription factors regulate Bcl2 expression in various tissues. Among these, NF-κB, which is composed of several subunits such as p105, p50 and p65, has been reported to control Bcl2 expression (Kurland et al. 2001) . Just as BCL2 protein levels were lower in retinas of σR1 -/-mice compared with age-matched controls, so also were NF-κB (p50) levels reduced in σR1 -/-retinas compared with normal mice. ERK signaling is well known to regulate Bcl2 expression (Feng et al. 2004) . Our studies have shown that levels of phosphorylated ERK1/2 (but not total ERK1/2) are reduced in the retinas of σR1 -/-mice compared with wildtype. Taken collectively, the data suggest that σR1 modulates Bcl2 levels. The age-related decrease in the levels of the anti-apoptotic protein BCL2 and of the proteins that regulate it might account for the late-onset inner retinal degeneration observed in σR1 -/-mice (Ha et al. 2011b ). An important protein that is regulated by BCL2 via ERK signaling is αB crystallin. BCL2 has been reported negatively to regulate the expression of the gene encoding αB crystallin via ERK signaling. We found a trend toward an increase in the levels of αB crystallin protein in σR1 -/-retina compared with those of wildtype mice. These data raise the possibility that σR1 modulates αB crystallin expression, an area of research that deserves further investigation. This is noteworthy given that αB-crystallin-deficient mice exhibit an increase in the expression of ER stress genes in the retina (Dou et al. 2012) .
The outcome of these studies underscores the complexity of σR1 and its role in neuroprotection. σR1 appears to regulate ER stress, especially in Müller cells but whether this involves αB crystallin remains to be investigated. The role of σR1 in neuroprotection probably involves BCL2 and some of the proteins that modify its expression (such as ERK, NFκB). Finally, our data from the analysis of the retinal transcriptome of σR1 null mice provide new avenues for exploring the role of σR1 in neuroprotection, including the investigation of genes involved in anti-oxidant functions and VEGF regulation.
